Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) catalyzes the reaction between gaseous carbon dioxide (CO 2 ) and ribulose-1,5-bisphosphate. Although it is one of the most studied enzymes, the assembly mechanisms of the large hexadecameric RuBisCO is still emerging. In bacteria and in the C4 plant Zea mays, a protein with distant homology to pterin-4a-carbinolamine dehydratase (PCD) has recently been shown to be involved in RuBisCO assembly. However, studies of the homologous PCD-like protein (RAF2, RuBisCO assembly factor 2) in the C3 plant Arabidopsis thaliana (A. thaliana) have so far focused on its role in hormone and stress signaling. We investigated whether A. thaliana RAF2 is also involved in RuBisCO assembly. We localized RAF2 to the soluble chloroplast stroma and demonstrated that raf2 A. thaliana mutant plants display a severe pale green phenotype with reduced levels of stromal RuBisCO. We concluded that the RAF2 protein is probably involved in RuBisCO assembly in the C3 plant A. thaliana.
INTRODUCTION
RuBisCO, the most abundant enzyme on Earth, catalyzes the reaction of CO 2 with ribulose-1,5-bisphosphate (RuBP) in the first step of carbon fixation in many autotrophic organisms (Sage et al., 2008; Michelet et al., 2013; Bracher et al., 2017; . Proper folding of RuBisCO requires various assembly factors, and these chaperones are conserved according to RuBisCO phylogeny (forms I, II, III and IV) (Hauser et al., 2015b) . Folding of RuBisCO large subunit (LS, 56 kDa) is dependent on the universal GroELGroES family of chaperones (Kim et al., 2013; Hayer-Hartl et al., 2016; Bracher et al., 2017) . Upon dimerization of folded LS monomers, an active site is created at the dimeric interface. In some prokaryotes, this LS dimer is a catalytically competent enzyme but, more often however, RuBisCO LS dimers self-assemble into various higherorder oligomers ranging from four to 10 LS subunits (Hauser et al., 2015b; Hayer-Hartl et al., 2016) . The most widely studied assembly of RuBisCO is form I, also referred to as hexadecameric L8S8. Form I is distinguished from other forms of RuBisCO in that it is capped with additional small subunits (SS, approximately 15 kDa). Several X-ray crystal structures have shown how these SS stabilize the interface between LS dimers, generating a approximately 550 kDa holoenzyme (Andersson, 2008; Andersson and Backlund, 2008; van Lun et al., 2011; Hauser et al., 2015b) . Multiple chaperones have evolved to stabilize RuBisCO LS dimers during the multi-step assembly process prior to SS incorporation. In b-cyanobacteria and land plants, RbcX prevents LS aggregation by stabilizing the unstructured large subunit before being displaced by SS, although RbcX is not required for RuBisCO function in all organisms that encode it (Bracher et al., 2015; Hauser et al., 2015b) . RAF1 (RuBisCO Accumulation Factor 1), found in eukaryotes and certain cyanobacteria, operates similarly to RbcX in that it also stabilizes the LS dimer before SS incorporation (Feiz et al., 2012) . Folded LS is released from the GroEL complex in the presence of RAF1, and LS dimers have been found to interact with RAF1 dimers . The L8S8 assembly is completed by the displacement of RAF1 from LS dimer by RuBisCO SS (Feiz et al., 2012; Hauser et al., 2015a; Bracher et al., 2017) . In contrast, red algae LS dimers do not require chaperone-mediated stabilization before small subunit addition. Instead, a unique C-terminal hairpin in the SS molecule is thought to be sufficient in mediating holoenzyme formation (Uemura et al., 1997; Bracher et al., 2017) .
Recently there have been reports of yet another group of RuBisCO chaperones that have in common homology to PCD enzymes. PCDs regenerate tetrahydrobiopterin, a small redox molecule used by various enzymes (e.g. phenylalanine hydroxylase) (Naponelli et al., 2008; Feiz et al., 2014) . PCD-like proteins involved in RuBisCO assembly, however, harbor mutations in residues thought to mediate PCD catalysis and indeed have been shown to lack this catalytic activity (Naponelli et al., 2008) . It was recently shown that the cyanobacterial PCD-like protein, named acRAF (alpha-carboxysome RuBisCO assembly factor), dramatically enhanced the accumulation of form IA bacterial L8S8 RuBisCO (Wheatley et al., 2014) . The RAF gene has homologs in green algae, moss and higher plant species, but homologs are absent in non-photosynthetic organisms. Raf is thus by definition a member of the 'GreenCut2' a group of photosynthetic lineage specific genes (Grossman et al., 2010; Karpowicz et al., 2011; Heinnickel and Grossman, 2013; Fristedt, 2017) . Furthermore, knockout of the homologous protein in C4 plant Zea mays (maize), known as RAF2, abolishes RuBisCO accumulation and is seedling lethal (Feiz et al., 2014) . Strikingly, RAF2 was recently shown to be necessary for RuBisCO assembly in E. coli. It was demonstrated, for the first time, that RAF2 and five additional chloroplast chaperones were needed to achieve RuBisCO assembly in a model system like E. coli (Aigner et al., 2017) .
RAF2 is thus conserved among C3 plants and several independent investigations in the C3 model plant A. thaliana have been reported, but no-one has commented on its putative connection to RuBisCO assembly (Naponelli et al., 2008; Zhang et al., 2015; Oh et al., 2017) . This PCD-like protein is encoded by the gene At5 g51110 in A. thaliana and was initially found to be catalytically inactive and localized to chloroplasts (Naponelli et al., 2008) . Further studies have suggested that this protein, which was named SDIRIP1 (SDIR1-interacting protein 1), is involved in abscisic acid (ABA) signaling during early developmental stages before A. thaliana accumulates mature green chloroplasts (Zhang et al., 2015; Oh et al., 2017) . Recently, Zhang et al., (2015); and Oh et al., (2017) have provided evidence of regulated degradation of At5 g51110 via ubiquitination and have shown its localization at the endoplasmic reticulum and to nucleoli, where it possibly interacts with abscisic acid insensitive-5 (Abi5) to influence salt stress and developmental responses (Zhang et al., 2015; Oh et al., 2017) . Although Oh et al., (2017) provide evidence for At5 g51110 to be localized to both the chloroplast and to a unidentified round body in the cytosol in close vicinity to the nucleus, the functional role of At5 g51110 in the chloroplast of A. thaliana is still unknown (Oh et al., 2017) .
Here, we further characterized At5 g51110 with a focus on RuBisCO assembly. By using a specific antibody, we monitored developmental expression and detailed subcellular localization and showed that this protein is mainly localized to the soluble chloroplast stroma. We characterized raf2 knockout plants that displayed a severe pale green slow-growing phenotype. These plants showed low overall accumulation of the L8S8 complex. We therefore propose that this stroma-soluble protein in A. thaliana is, just like the maize homolog, involved in RuBisCO accumulation. However, at variance from the maize homolog, its deletion in A. thaliana is not lethal. To be consistent with maize nomenclature we rename this protein RAF2, for RuBisCO assembly factor 2 in A. thaliana.
RESULTS

RAF2 is conserved among photosynthetic organisms
Figure 1(a) provides a phylogenetic tree of bacterial and eukaryotic plant PCD and plant RAF2 and bacterial acRAF protein sequences. Counter-intuitively, eukaryotic RAF2 is more similar in sequence to the eukaryotic PCD than to acRAF, and acRAF is more similar to true bacterial PCD than to RAF2. Although acRAF and RAF2 both contain PCD-like domains and both contribute to RuBisCO assembly in photosynthetic organisms, homology is not readily detected between the two groups at the protein sequence level. RAF2 is thus conserved in photosynthetic eukaryotes and probably evolved right after the endosymbiosis event. Sequences of both RAF2 from A. thaliana and of the maize homolog showed a clear chloroplast transit peptide prediction (Figure 1(b) ) (Naponelli et al., 2008) . The sequence 'GARDPh' (with 'h' representing a hydrophobic residue) is conserved in all RAF2 N-terminal domains. The third domain, comprising roughly the second half of RAF2, is homologous to the family of PCD enzymes, although residues responsible for PCD catalysis are not conserved.
A. thaliana RAF2 localizes to the chloroplast stroma and is induced during greening
We produced an antibody against the full-length recombinant RAF2 sequence of A. thaliana, minus the signal peptide (Figures 2 and 3(a) ). The antibody detected a protein at the expected molecular weight (MW) of 19 kDa in total protein leaf extracts from wild type A. thaliana (Col-0) plants (Figure 2(a) ). By analyzing selected plant tissues at different developmental stages, we found that RAF2 accumulated at very early stages of development, and localized inside the stroma of chloroplasts (Figure 2(a and b) ). RAF2 was detected earlier than the photosynthetic machinery (Figure 2(b) , LHCII) and also disappeared earlier as it was not detected in senescing leaves (Figure 2 (b), 6 weeks). The arrows at 55 and 17 kDa in Figure 2 (b), indicate RuBisCO LS and SS accumulation on the Ponceau-stained membrane. The 2-day-old and 4-day-old seedlings contained very low amounts of RuBisCO, but the immuno-signal for RAF2 was already present (Figure 2(b) , RAF2). RAF2 was present at low levels in etiolated seedlings (De-etiolation 0 h), and then quickly increased in abundance in response to greening (Figure 2(b) , De-etiolation) . RAF2 expression was highest in leaf tissue although RAF2 was also detected in lower amounts in plant stems and siliques.
Characterization of two independent RAF2 knockout alleles
To investigate the biological function of RAF2, we characterized two T-DNA A. thaliana insertional-mutants in Col-0 type, raf2-1 (SALK_076782) and raf2-2 (SALK_209107), obtained from the A. thaliana Biological Resource Center (Figure 3(a) ). Immunoblotting of extracted total protein from leaf demonstrated a clear absence of the RAF2 protein in the mutant lines as predicted, while a 19 kDa band was visible in wild type plants (Figure 3(b) ). raf2-1 and raf2-2 mutants displayed a clear developmental phenotype when grown under either long-day or short-day light conditions (16 h light/8 h dark or 8 h light/16 h dark, respectively, at 120 lmol photons m À2 sec À1 (Figure 3(b and c) ).
Strikingly, the phenotype of the mutants was clearly exacerbated by the shorter light cycle (Figure 3 (b and c)). As a control for secondary mutations, we showed that the phenotype of raf2-1 mutant was rescued by complementing the mutant with the wild type gene (vector pORE_E3; see Experimental Procedures for detailed information). As expected, complementation restored the accumulation of RAF2 protein in the raf2-1C plants and reversed the morphological phenotype (Figures 3(b) and S1).
To further characterize the behavior of the raf2 mutants, we cultivated them in the dynamic environmental photosynthesis imager setup (DEPI) (Cruz et al., 2016) . This setup allows direct measurement of responses to dynamic environmental conditions of a large numbers of plants in parallel. Figure S2 shows DEPI measurements of photosynthesis, reflecting photosystem II quantum efficiency (ɸPSII) and photoprotective mechanisms through the qE quenching, and the slow relaxation of non-photochemical quenching (NPQ), the qI response. Over 5 days, photosynthetic measurements were made hourly during constant light (100 lmol photons m À2 sec À1 ), every 30 min during sinusoidal ('parabolic') illumination (maximum light 500 lmol photons m À2 sec À1 ), and four times an hour corresponding with intensity changes during fluctuating light (maximum 1000 lmol photons m À2 sec À1 ) (Cruz et al., 2016) . DEPI also estimated changes in leaf area as a proxy for growth and biomass accumulation ( Figure S2 ). Strikingly, raf2 mutant plants were found to develop about two-fold higher levels of NPQ compared with wild type at the maximal light intensity of 1000 lmol photons m À2 sec À1 near midday (Table 1 and Figure S2 ). This was clearly evident for all NPQ kinetic components analyzed, NPQ, qE and qI (Figure S2) . Other anomalies were detected in raf2 as well and, compared with wild type raf2, contained less chlorophylls but more carotenoids per area (Table 1 ). In addition, the mutants also showed a lower Fv/Fm compared with wild type (Table 1 ). The thylakoid ultrastructure was examined by electron microscopy and demonstrated normal chloroplast and thylakoid membrane folding in the raf2 mutant ( Figure S3 ).
No major difference in assembly of thylakoid membrane residing photosynthetic apparatus in RAF2-lacking plants
We examined if the absence of RAF2 led to abnormalities in thylakoid membrane protein complexes accumulation or assembly state. Thylakoids from wild type and raf2 were analyzed by blue native, clean native polyacrylamide gel electrophoresis (PAGE) or sucrose gradients (Figure 4 (a-c)) and Table 1 ). We did not observe major differences in the assembly state or in the presence of the five major thylakoid complexes or the individual subunits ( Figure 4 (a-c)).
Immunoblot visualization using antibodies against PSII (D2, CP43 and LHCII), PSI (PsaD, PsaG and LHCI), CF1 (CF1 c) and the Cyt b6f complex (Cytf) did not reveal differences in the relative amount of the complexes between the wild type and raf2 mutant plants ( 
RAF2 lacking plants contain less stromal RuBisCO
The possible effect of RAF2 on the accumulation of RuBisCO protein LS and SS was first examined by immunoblotting. Total plant extracts per leaf area were analyzed and revealed a reduction of LS and SS in the raf2 mutant plants (Figures 4(e) and S4). In addition, several bands at higher molecular weight were also recognized by the LS (but not by the SS) antibody, suggesting the presence of aggregates ( Figure 4 (e)). As the raf2 mutant plants displayed pale green leaf and less chlorophyll as compared with wild type plants, one possibility could be that the raf2 mutant contained fewer chloroplasts per leaf area. Consequently, to further quantify RuBisCO in raf2 mutant plants, Figure 2 . Accumulation of RAF2 in chloroplasts and throughout light/greening transitions.
(a) Localization of RAF2 inside the chloroplasts. Total plant extract (Total), chloroplasts (Cp), thylakoid stacked grana lamellae (GL), thylakoid non-stacked stroma lamellae (SL) and soluble stroma (Stroma) were probed by immunoblotting using RAF2 antibody. Antibodies against thylakoid D1, PsaA and RuBisCO LS were used as subcellular markers. Ponceau-stained membrane before blotting is displayed below. we analysed LS and SS content as a fraction of the chloroplast and total leaf soluble proteomes ( Figure S4 ). The LS was present to around 30 AE 11% while the SS appeared at 16 AE 6% in the raf2 plants as compared with wild type (mean value all loading controls tested in Figure S4 ). The LS aggregate in raf2 was not included in the quantitative analysis because their amount could not be reproducibly quantified. These aggregates were very unstable and were degraded quickly when chloroplast translation was inhibited with chloramphenicol, to stop accumulation of the plastid-encoded LS ( Figure S5 ). Furthermore, the amount of sample needed to observe the LS aggregates clearly saturated the LS signal (Figure 4 (e)). The native gels loaded with plant soluble proteome displayed only one major native complex at around 550 kDa, corresponding to the RuBisCO holoenzyme L8S8, both in the wild type (WT) and the raf2 mutant ( Figure 5(a) ). However, the L8S8 complex was less abundant in the raf2 mutant plants compared with wild type (Figures 5 (a) and 4(d)). Denaturing gel separation and immunoblotting of the same extracts revealed, once again, a lower amount of RuBisCO and total absence of RAF2 in the raf2 mutant plants ( Figure 5(b) ). Separation of the L8S8 complex in the second dimension showed that this assembly consisted of RuBisCO LS and SS in the wild type extracts, thus confirming this complex to be L8S8 ( Figure 5 (c), arrows).
To further examine the effects of raf2 mutation, plant photosynthetic capacity for CO 2 assimilation was measured under a light intensity series ( Figure 6 ). According to the C3 photosynthetic model of Farquhar (Farquhar, 1979; Farquhar et al., 2001 ) and Sharkey (Sharkey, 1985 ) the assimilation at low irradiances is essentially limited by electron transport rate alone, whereas under higher light, when electron transport is saturated, assimilation is limited by RuBisCO capacity. In agreement with this, under low light (0-200 lmol photons m À2 sec À1 ) the raf2 mutant plants display the same assimilation rate as wild type, while under light above 200 lmol photons m À2 sec À1 the raf2 mutants show rapid saturation of assimilation (Figure 6 ). Our preliminary work suggested that the raf2 growth phenotype was less severe when plants were grown under Figure S6 . Scare bar represents 2 cm. Immunoblotting using the RAF2 antisera is shown below for wild type dilution series and both raf2-1 and raf2-2 and raf2-1C (separate).
(c) Biomass weight of wild type, raf2-1 and raf2-2 determined under both long-day and short-day growth conditions, as specified in ( (Figure 3) , suggesting an effect related to diurnal processes or to the storage of photosynthetic products required to sustain metabolism in the night. To test for these effects, we compared the growth and photosynthetic phenotypes of raf2 and wild type under either constant light (120 lmol photons m À2 sec À1 ) or a 16 h light (120 lmol photons m À2 sec À1 ), 8 h dark diurnal cycle ( Figure S6(a) ). Under constant light, the growth of raf2 was similar to that of wild type. One explanation for this phenomenon is thus that raf2 mutant plants do not starve during the night. Another possibility can be that under constant light conditions stress-induced chaperone systems are activated (Wang et al., 2004) . These chaperone systems have been shown to mediate a protective effect on chloroplasts under stress conditions (Schroda et al., 1999) . If this is the case, the amount of RuBisCO might increase in the mutants under constant light, as more holoenzyme could be assembled with the assistance of additional chaperones. However, sampling during the diurnal cycle at the middle of the dark period, after 1 h of light and at the end of the light period did not reveal any differences in RuBisCO assembly in wild type or the raf2 plants as compared with constant light conditions ( Figure S6(b) ). Both LS and SS remained largely unchanged during the light cycle, and no difference was observed under constant light ( Figure S6(b) ).
To understand if such light-dependent phenotype is a consequence of low RuBisCO content, we compared the phenotypes of raf2 with that of rbcs1a3b-1. The latter lacks two of the four genes coding for SS, RBCS1A (At1 g67090) and RBCS3B (At5 g38410) and thus expresses only about 40% of the RuBisCO enzyme compared with wild type plants, which results in a decrease in carbon assimilation to about 40% of wild type level (Izumi et al., 2012) . We found that raf2 showed similar losses in RuBisCO and assimilation rates. Also, rbcs1a3b-1 showed similar dependencies of growth on the illumination regime, with nearly wild type growth under constant light and much slower growth under a 16 h:8 h day/night cycle ( Figure S6(a) ). We thus propose that the decline in assimilation and growth in raf2 mutants can be adequately accounted for by the observed reduction in active assembled L8S8 RuBisCO holoenzyme.
Finally, as our working model is that RAF2 is involved in RuBisCO L8S8 assembly, we investigated the amount of RAF2 in the rbcs1a3b-1 plants. The amount of SS is low in the rbcs1a3b-1 plants, and if there is a direct connection between RAF2 and SS, the amount of RAF2 might also be affected in this mutant. Indeed, the amount of RAF2 was considerably lower in the rbcs1a3b-1 (~50%) compared with wild type, providing a direct correlation between SS and RAF2 ( Figure S7 ).
DISCUSSION
RAF2 is involved in development and growth in A. thaliana
The homolog of the A. thaliana protein RAF2 was recently shown to be essential for RuBisCO biogenesis and stability in maize. Importantly, it was demonstrated that RuBisCO genes (SS and LS) were normally transcribed and translated in the raf2 maize mutant, but the majority of the LS protein was shown to be trapped in a chaperonin-containing complex (Feiz et al., 2014) . Simultaneously, a recent study suggests that RAF2 in A. thaliana is important for ABA signaling (Zhang et al., 2015) . The evidence points to RAF2 being localized to both the chloroplast and the plant cell nucleus. It was speculated that the ubiquitin-conjugating enzyme SDIR1 and RAF2 forms a complex that plays a vital role in ABA signaling during plant developmental and stress acclimation (Zhang et al., 2015) . Here, we performed a detailed biochemical analysis of RAF2 in A. thaliana to unravel if, just like its homologs in the C4 plant maize and in cyanobacteria, At5 g51110 is involved in RuBisCO biogenesis. We first showed that RAF2 accumulates inside the chloroplast and is highly enriched in the soluble stroma. RAF2 is induced very early during seedling development, even before a substantial amount of RuBisCO starts accumulating (Figure 2(b) ). This could point to a role for RAF2 in seedling development and ABA signaling (Zhang et al., 2015) . The possible dual subcellular-location of RAF2 to both nucleus and plastids is very intriguing. This dual location might be regulated according to developmental or stress-induced cues, and should be investigated further in future work. Plants lacking RAF2 suffer from a substantial growth deficiency (Figure 3(b) ). Strikingly, the growth phenotype of the raf2 mutant was clearly exacerbated by a longer dark period during the diurnal cycle. Indeed, the growth deficiency in the raf2 mutant was eliminated in plants growing under constant light conditions ( Figure S6 ). These results point to a problem in the mutant in energy management, especially during the dark period. This concept is strengthened by the fact that the amount of RuBisCO remains low in raf2 mutant plants also under constant light conditions. Furthermore, the enzyme responsible for re-activation of RuBisCO after the dark period, the RuBisCO activase, accumulated to normal levels in the raf2 plants. To further understand if such lightdependent phenotype is a consequence of low RuBisCO amount, we utilized a SS mutant lacking the two genes RBCS1A and RBCS3B (Izumi et al., 2012) . The rbcs1a3b-1 plants display a very similar growth phenotype as raf2 under normal diurnal growth cycle, and this phenotype was clearly reversible under constant light, just like the raf2 mutant ( Figure S6(a) ). Furthermore, the raf2 mutant plants have exceptionally high levels of NPQ ( Figure S2 ) and high NPQ was also detected in the rbcs1a3b-1 plants ( Figure S6(a) ). Such high capacity for NPQ in these mutant plants is in line with their low levels of RuBisCO, depressed assimilation rates and thus lower turnover of the final electron acceptors, NADP and ADP.
During our biochemical analysis, we observed several LS aggregates in the raf2 mutant plants. It has previously been shown that problems in the SS assembly result in the aggregation of the LS in A. thaliana (Ellis, 2013) . Thus, our results suggest that RAF2 promotes the formation of the L8S8 complex and mediates a chaperoning function of the SS to the L8 (Figure 7) . In C4 plants, the import, folding and insertion of the small subunit were shown to play a central role in the formation of chloroplast holoenzyme by a mechanism depending on RAF1 and RAF2 (Feiz et al., 2012 (Feiz et al., , 2014 Kim et al., 2013; Hauser et al., 2015a,b) . Here, we demonstrate that RAF2 in the C3 plant A. thaliana is involved in RuBisCO holoenzyme accumulation, similar to maize RAF2 (Feiz et al., 2014) and the remote cyanobacterial homolog (Wheatley et al., 2014) . Consequently, when RAF2 is missing in A. thaliana, the SS is not integrated and probably gets degraded quickly while the LS aggregates as a consequence of the slow incorporation of SS (Figure 7) .
A striking feature of the maize raf2 mutant plants is that the mutation is ultimately seedling lethal (Feiz et al., 2014) . As we demonstrated in this study, the null allele of raf2 in A. thaliana is not seedling lethal, as these plants survived to the flowering stage. However, our results show that L8S8 is reduced by approximately 80% in the A. thaliana mutant, compared with the 90% reduction in maize. Whether or not plant lineage specific differences exist in RAF2 function, these results suggest that RAF2 works as a catalyst for accelerating RuBisCO assembly, but is not absolutely essential (Feiz et al., 2014) .
How the molecular function of RAF2 is regulated is at this point unknown. However, A. thaliana RAF2 and RAF1 contain 2 and 1 cysteine pairs, respectively, and both large and small subunits of RuBisCO as well, as RuBisCO activase contains numerous cysteine residues ( Figure S8 ). In plants, peroxiredoxins (PRX) are ubiquitous thiol-dependent peroxidases for which chaperone and signaling roles have been reported in various types of organisms in recent years (Awad et al., 2015) . Strikingly, a recent study deploying co-immunoprecipitation in A. thaliana wild type and RAF2 is a RuBisCO assembly factor in C3 plants 153 mutant plants lacking 2-Cys PRX identified both RAF2, RAF1 and RuBisCO LS as 2-Cys PRX precipitation partners (Cerveau et al., 2016) . Thus, the possible miss-regulation of cysteine pairs in RuBisCO by a pathway including both RAF2 and RAF1 might contribute to the RuBisCO large aggregates we observe (Figure 7 step 4) . Although the assembly and functional structure of the RuBisCO holoenzyme has been studied for over 50 years, the mechanistic details surrounding this process are not clear, and novel factors involved in these processes are still being identified. It is important that we understand the differences in function of these novel RuBisCO assembly factors between different plant families, especially in the light of enormous efforts underway trying to accomplish C4 carbon fixation in C3 plants by biotechnological applications (Weise et al., 2011; Lin et al., 2014; Long et al., 2016) . Moreover, several publications have recently demonstrated that RAF2 is regulated through ubiquitination and is involved in ABA signaling. It has been suggested that RAF2 is important for ABA and salt stress responses during seedling development in A. thaliana (Zhang et al., 2015; Oh et al., 2017) . These conclusions in A. thaliana and the recent findings in maize (Feiz et al., 2014) , combined with our results, raised the intriguing possibility that RAF2 mediates a connection between development, stress signaling and RuBisCO amount. The connection between these responses and the involvement of RAF2 should attract focus for further investigations in the future.
EXPERIMENTAL PROCEDURES Analysis of RAF2 genes and their genomic context
Sequences of canonical RAF2 proteins used for comparisons with acRAF and PCDs were extracted from phylogenetically distinct proteins with structures deposited in the Protein Data Bank. A phylogenetic tree was generated using the online program Phylogeny. The phylogenetic tree of chosen RAF2 sequences was generated with the phylogenetic analysis One-Click method using default parameters.
Arabidopsis thaliana plants and growth conditions used
Wild type A. thaliana accession Columbia-0 (wt) and the At5 g51110 mutant lines raf2-1 (SALK_076782) and raf2-2 (SALK_209107) were confirmed for homozygosity by immunoblotting (Figure 3(b) ). For transgenic complementation analysis, the RAF2 gene was amplified by polymerase chain reaction (PCR) from genomic DNA isolated from A. thaliana with forward primer 5 0 -ccttggatccATGATTGCATTAGCTGCTTCTT-3 0 and reverse primer 5 0 -cctgtgcggccgcttatttttcaaactgcggatggctccacgcgctGGAAGCTGTCT CAATGGT-3 0 carrying a Strep-tag. The PCR product was cloned into the plant transformation vector pORE_E3 and sequenced verified. Agrobacterium tumefaciens strain GV3101 was transformed with the construct and applied to homozygous raf2-1 plants by applying the floral dip procedure (Clough and Bent, 1998) . Transformants were selected in soil with the herbicide Basta. The T1 and T2 surviving transformants were assayed by growth-phenotypic analysis and confirmed by immunoblotting.
Plants were cultivated in controlled growth facilities under short-day conditions (8 h day/16 h night, 22°C day/18°C night) or long-day conditions (16 h day/8 h night, 22°C day/18°C night) at a light intensity of 120 lmol m À2 sec À1 and relative humidity of 70%. The light quality spectra of the climate chamber are displayed in Figure S9 . A. thaliana used for experiments described were 4 weeks old.
Chloroplast subfractionation
Four-week-old A. thaliana plants were used for the preparation of chloroplasts, thylakoids and soluble stroma as described in Fristedt et al. (2014) . Chloroplast fractionation into the soluble stromal and thylakoid protein parts was performed using the method described in Garcia et al. (2010) . Minor modifications was added for stromal fraction. After centrifugation at 15 000 g for 20 min the supernatant was concentrated using vivaspin (vivascience VS2002) concentrator tubes. For thylakoid membrane fractionation the method previously described in Bhuiyan et al. (2015) was used. For total soluble proteins, 0.6 g leaf tissue was homogenized in a buffer containing 20 mM Tris-HCl, pH 9.0, 250 mM NaCl, 50 mM NaHCO 3 , 4 mM MgCl 2 , and an EDTA-free protease inhibitor cocktail (Roche). After removal of cell debris by centrifugation for 10 min at 13 000 g and 4°C, total soluble proteins were obtained in the supernatant fraction. For blue native or clearnative PAGE, isolated thylakoid membranes were solubilized by using 1.5% (w/v) n-dodecyl b-D-maltoside, as previously described in Fristedt and Vener (2011) and Sirpio et al. (2011) . Electrophoresis was performed at 4°C at 120 V for 5 h. Total protein extraction was performed as described earlier (Ramundo et al., 2013) . Sucrose gradients formed directly in the tube by freezing at À80°C and thawing at 4°C a 0.65 M sugar solution containing 0.008% ndodecyl-alpha,D-maltoside and 10 mM HEPES pH 7.5. Solubilized samples were separated in a SW41 rotor, for 16 h at 4°C at 41 000 rpm essentially according to Caffarri et al. (2009) . 
SDS-PAGE and immunodetection
Protein isolates solubilized in loading buffer (Tris-HCl pH 6.8, 8% sucrose, 2% SDS, 0.2 mM EDTA, 4% b-mercaptoethanol) were separated on 5% acrylamide stacking/14% separation gel and transferred onto nitrocellulose membranes (Amersham) through wet transfer. Membranes were blocked with 10% fatfree dried milk and incubated with antibodies as indicated, all from Agrisera (http://www.agrisera.com), except Raf1 that was a kind gift from David Stern at Cornell University. Antibody dilution was used according to Agrisera recommendation. Membranes were further incubated with horseradish peroxidase-conjugated secondary anti-rabbit antibody (Agrisera) and detected using ELC detection on a LAS-3000 imager (Fuji). The RAF2 antibody was used at 1:1000 dilution (AT5 g51110 Agrisera AS132729).
Chlorophyll fluorescence analyses
Imaging of Fv/Fm and NPQ was performed on intact A. thaliana plants using a FluorCam 700-MF system-setup (Photon Systems Instruments, Czech Republic.). The setting was on quenching analysis nr 1. The FluorCam 1.6 software was applied to control the imaging system and to further process the images. Prior to each measurement the plants were dark acclimated for 20 min.
Pigment composition
The pigment composition was analyzed by fitting spectra of 80% acetone extracted chloroplasts with the spectra of the individual pigments as described previously (Croce et al., 2002) . The average of at least six independent measurements from different leaves was used.
CO 2 fixation
The leaf was placed in a custom-made whole leaf assimilation chamber designed for A. thaliana leaves. Gas within the chamber was mixed with a fan. The leaf within the chamber was illuminated using 660 nm peak emission LEDs (LZ1-00R202 LED Engin, Marblehead, USA). The assimilation chamber was supplied with gas containing CO 2 (400 ppm), O 2 (2%) and N 2 , relative humidity 75%, and CO 2 uptake was measured using an ADC-225-MK3 (Hoddesdon UK) gas analyser and transpiration with two Vaisala humidity/temperature sensors. Air temperature in the cuvette was maintained at 23°C using thermoelectric modules. Leaf temperature was measured using an non-contact temperature sensor (Micro IR/tc, Exergen, Boston, USA).
Electron microscopy
For the electron microscopy studies, A. thaliana were grown on soil under the same 8 h light/16 h dark cycle at the light intensity of 120 lmol m À2 sec
À1
. Leaf pieces were fixed and processed as previously described in (Fristedt et al., 2014) . The sections were visualized and examined with a JEOL-100CX electron microscope.
Statistical methods used
The statistical method used was Student's t-test (n = 10, *P < 0.05 and **P < 0.01). The standard error was calculated and displayed in Table 1 and Figures 3(c) , 6 and S4.
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At5 g51110, At1 g67090, At5 g38410, AT5G28500, AT3 g04550, At2 g39730, AtCg00490.
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Additional Supporting Information may be found in the online version of this article. Figure S1 . RAF2, RuBisCO large and RuBisCO small accumulation in raf2-1 mutant and characterization of complemented raf2-1 lines (raf2-1C). Figure S2 . Chlorophyll fluorescence parameters and size determination under various light conditions. Figure S3 . Transmission electron microscopy images of chloroplasts in wild type and raf2 leaves as indicated. Figure S4 . RuBisCO large (LS) and small (SS) protein level quantitation in wild type and raf2 A. thaliana leaves. Figure S5 . Plastid translation inhibition. Figure S6 . Plant phenotype under constant light. Figure S7 . Amount of RAF2 in the double SS mutant rbcs1a3b-1. Figure S8 . Amino acid sequence analysis and indication of cysteine's in protein sequence of RbcS At1 g67090, RAF1 AT5G28500 RAF1-2 AT3 g04550, Rca At2 g39730, RbcL AtCg00490 and RAF2 AT5 g51110. Figure S9 . Light spectra wavelength of plant growth light.
